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A B S T R A C T
This thesis analyzes the time-varying nature of fundam ental and harm onic signals in 
electric power distribution system s. M easurem ents show th a t  signal variations are neither 
completely determ inistic nor random . As a  consequence the determ inistic and random  
p arts  are analyzed separately. Two m ethods are employed to  ex tract the  determ inistic and 
random  parts. One m ethod ex tracts th e  determ inistic p art using regression analysis, and 
the  remaining random  p art is expected to  resemble the norm al distribution. A procedure for 
obtaining the  distribution of the peak voltages is presented. In the second m ethod, wavelet 
transform s is applied to  harm onic signal variations. The Discrete Wavelet Transform  is used 
to  quantify harmonic changes with time. Experim ental d a ta  of fundam ental and harm onic 
currents are analyzed both  m ethods and the  results presented. T he thesis concludes with 
the  po ten tial applications of the proposed techniques.
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C hapter 1
INTRODUCTION
An ideal electrical power system  is one in which the  voltages and currents are sinusoidal 
with fixed frequency and voltage m agnitudes. However, none of these conditions are fulfilled 
in practice. Waveform distortion is present in both  voltage and current waveforms. These 
distortions corresponding to  deviations from perfect sinusoids are expressed in term s of 
harm onic com ponents [1]. The causes for the distortion include non-linear electronic devices 
as well as transients from load switching and in term itten t use of appliances.
The analysis of power system  harmonic distortion is of prim e im portance to  power 
engineers. It is known th a t harm onics have undesirable effects including the degradation of 
telephone communications caused by induced harmonic noise [1],[2], overloading of power 
apparatus and systems, m aloperation of control and protection equipm ent and destruction 
of power factor correction capacitors [1]. Furtherm ore, industrial processess have begun 
to  rely on more and more control systems involving rectification of alternating voltage. 
These control equipm ent employ semiconductors and other nonlinear devices which assume 
a distortion free sinusoidal supply voltage. Thus the harmonic problem worsens due to  the 
injection of more harmonics into the power system by these equipm ent.
Harmonic com ponents of bo th  voltages and currents vary continually with respect to  
tim e due to  continous switching of various individual loads. A nother source th a t contibutes 
to  these variations is the change in system  configuration from the switching of power factor 
correction capacitors, voltage regulators and distribution feeders by the  utility company.
1
2T here is a wide range of non-linear loads connected to the distribution system which inject 
harmonic currents in a random  fashion as well. Also transients due to induction m otors 
and other equipm ent cause a change in harmonic currents. In recent years studies of time 
variation of harmonics indicate th a t these changes are not determ inistic in nature. T here­
fore, the harmonic com ponents cannot be modeled deterministically. The random natu re  
of the  harmonics should also be taken into consideration while analysing harmonic levels. 
In the following paragraphs, a  brief lite ra tu re  survey on the application of probability and 
statistica l analysis to  power system  harmonics is presented.
In an effort to  predict harm onic levels, Ref. [3] proposed to  divide the non-linear loads 
into four categories, a  determ inistic num ber of determ inistic currents, a random num ber 
of constant currents, a constant num ber of random  currents and a random  number of 
random  currents. In m ost practical cases, however, individual custom er loads are often 
unknown. Kaprelian et al. [4] m odeled the  real and im aginary com ponents of the harmonic 
current phasors injected into the  network as jointly norm al random  variables. A complete 
characterisation of the  harm onic com ponents at a  single bus was accomplished by using the 
m ean, standard  deviation and the correlation coefficient of the real and im aginary parts, 
while independence am ong various sources of harmonic current generation was assumed. 
Reference [5] presents the  results of a  survey of the harmonic levels on the American Electric 
Power D istribution System. T he au thors observed th a t capacitors contribute to circuit 
resonance, and recom m end including more inform ation about probability of failure from 
the m anufacturers end when supplying power equipment.
Reference [6] reported  a  seven-day m easurem ent of harmonic current and voltage. The 
stochastic behavior of the harm onic voltages and currents are characterized with the help 
of the m axim um , minimum and m ean levels of harmonics. The au thors found th a t a t all of 
the locations 99% of the tim e the voltage Total Harmonic D istortion was much smaller than  
the 5% limit recommended by IE E E  Std. 519 [2]. They recommended th a t a probabilistic 
approach instead of a determ inistic one should be used while accounting for the random  
variation of harmonics.
A statistica l description of grouped domestic electrical load currents from the 60 Hz 
point of view is m ade in Ref. [7] where the authors indicated th a t it is imperative th a t
3an analysis of the behavior of domestic electrical load currents be based on valid d a ta  
m easurem ent. A sampling interval of 2 minutes was made in an a ttem p t to  follow the time 
variation of the loads, and analysis of the custom er current distributions is shown to fit a 
beta  distribution. Reference [8] contains the  details of a survey of power system harmonics 
in a m etropolitan  area network. M easurem ents were m ade a t loads in bo th  distribution and 
transm ission circuits, and compliance of the harmonic levels to  the IE E E  519 S tandard were 
discussed. T he reference found th a t,  despite numerous violations of current THD limits set 
by the S tandard , no voltage harm onics were found above the recom m ended limits.
A nother article which discusses probabilistic representation of harmonics is by Morri­
son and Clark [9] who used a  M onte-Carlo sim ulation to  predict the trac tion  feeder-station 
currents. The authors fit an elliptic d istribution to  the harm onic current da ta  using the 
real and im aginary com ponent variances of the current and the s tan d ard  deviation ratio. 
Simulation results were com pared to  actual m easurem ents obtained from field tests. P rob­
abilistic representations taking into account the variation of harm onic currents provided 
more detail th an  determ inistic calculations.
T he objective of this thesis is to  analyze the  variation of harm onic voltages and currents 
over an extended tim e period, by splitting them  into a random  com ponent and a  determ in­
istic com ponent. Two m ethods of ex tracting  the determ inistic com ponent are presented. 
T he first m ethod described in C hap ter 2 ex tracts the determ inistic component by regres­
sion analysis. A procedure to  determ ine the distribution of instantaneous peak value of 
the voltage is also presented as the knowledge of the variation of peak value is useful when 
estim ating insulation stress on power equipm ent.
The second m ethod of separating the determ inistic and random  parts  is outlined in 
the C hapter 3. A new technique known as “Wavelet T ransform ” is applied for analysis 
of harm onic variations. Wavelet transform  is similar to  Fourier transform  but overcomes 
some of the disadvantages of Fourier analysis. Wavelets are basically translated  and scaled 
functions obtained from a prim ary function know as the “m other wavelet” . In its discrete 
form, the wavelet transform  analyses a d a ta  sequence by com puting its wavelet coefficients. 
These wavelet coefficients form wavelets which, when combined together, give back the 
original d a ta  sequence. In this thesis, “H aar W avelet” is used as a  m other wavelet due to
4its ease of interim  com putation.
Actual m easurem ents of harmonic voltages and currents are presented in C hapter 4. The 
d a ta  collected over a period of one week is presented and analyzed according to the  con­
ventional m ethods and the two proposed methods. A brief description of the experim ental 
setup is also given. Finally, potential applications of the  work presented are discussed.
C hapter 2
DECOMPOSITION 
TECHNIQUE FOR ANALYSIS 
OF HARMONIC VARIATIONS
This chapter consists of two main sections: The first section describes a  m ethod for decom­
posing the recorded harmonic signals into determ inistic and random  com ponents, which 
will bo th  be described analytically. T he second section describes the statistica l character­
istics of the  peak value of the instantaneous voltage by m eans of M onte Carlo simulation 
in com bination with an optim ization technique. The determ ination of peak value d istribu­
tion is im portan t when analyzing insulation stress on power equipm ent such as tranform er 
windings and capacitor banks.
2.1 Separation  o f D eterm in istic  and R andom  C om ponents
Reported field m easurem ents in various parts  of power system distribution networks indicate 
th a t the harm onic voltages and currents represent a  com bination and determ inistic and
5
6random  signals. Large variations occur in current harmonics within m inutes. T here is a 
degree of uncertainty in the fundam ental voltage and current due to  constant changes in 
load dem and and network configuration. This u n ce rta in ly  along with the variable nature 
of the operating modes of nonlinear loads result in m ore randomness when considering 
harm onic com ponents. This random ness often amplifies when a  nonsinusoidal voltage is 
supplied to  a nonlinear load. As a consequence, the determ inistic analysis and modeling 
is not an effective diagnostic tool for power system  harm onic problems [10]. The random  
nature of harm onics should also be taken while analyzing harmonic quantities.
The variation of power system harm onics are often described by graphs showing the 
changes with respect to  tim e, or histogram s derived from measured d a ta  over a  period 
of time showing the frequency of occurrence of each value of the harmonic [6]. While 
histogram s represent the m easured d a ta  in a  m uch compressed form, they hide inform ation 
regarding the tim e duration  of a  harm onic com ponent a t a certain level - a  crucial element 
when studying the therm al effects of harm onics. A nother hidden element in a  histogram  
is the determ inistic com ponent of the m easured quantity. Also, harmonic histogram s often 
cannot be described by simple analytical functions.
W hen analyzing the statistica l behavior of harm onics, the correlation coefficient between 
any two harm onics, or between a harm onic and th e  fundam ental voltage, has to  be taken 
into consideration. For this reason, it is best to  decompose the individual harmonic com­
ponents into a  determ inistic com ponent and a  random  com ponent [10]. M athem atically, if 
X  represents the  am plitude of a  harm onic com ponent (either current or voltage), then
X  = X D(t) + X R (2.1)
where X p  and X R represent the determ inistic and random  components, respectively. De­
pending upon the actual p a tte rn  of variation of harm onics, polynomial functions of various 
orders m ay be used for curve fitting. Obviously, the  higher the order, the be tte r is the 
accuracy of the model.
For illustration purposes, the simplest m odel for the  determ inistic com ponent is the
least-square line:
X p ( t )  — At  -j- B, (2 .2 )
where the coefficients A  and B  are determ ined by the m ethod of least squares.
Given a set of variables (Xi,t{)i = 1 , 2 wi t h m ean values (x , t ) ,  the coefficients A
and B  are com puted by [10],
A  _  S S xt
S S tt ’ (2,3)
B  = x -  At ,  (2.4)
where
S S u  =  £ ( * ;  -  t ) 2 (2 -5 )
S S «  = ( £ > , - )  -  ^ ( £  * .■ ) ( £ » •  (2 .6)
T he correlation coefficient between X p  and tim e t  is defined by
( 2 J )
Now the random  com ponent of th e  harmonic voltages or currents can be obtained by 
com puting the deviation of the  actual values of harm onics from  those generated by the 
least-square m ethod. A fter the  determ inistic com ponent is ex tracted  from the measured 
d a ta , the remaining random  com ponent is expected to  resemble a  norm al distribution with 
zero m ean and standard  deviation given by,
S S x x - B S S xi
°R = V m~ - '2 • ( 2 -8)
thus allowing its histogram  to  be described analytically by a norm al distribution.
I { X r ) =  - j = —  exp
V27rcrfl
(2.9)
8The above analysis implies th a t any harmonic can be represented by means of two 
com ponents, both of which have explicit analytical expressions. This analysis is useful in 
determ ining the probable level of harmonics a t a particular tim e.
2.2 S ta tistica l D escrip tion  o f Instantaneous Peak V oltage
M odern waveform analyzers have the ability to  record and store the m agnitude and phase 
angle of each harmonic component. Some even have the capability to  plot, from recorded 
d a ta  over a  tim e period, the probability distribution functions of each harmonic component 
as well as the RMS value and to ta l harm onic distortion. B ut to  the best of knowledge, none 
of the available instrum ents provide statistica l d a ta  on the instantaneous voltage peak value 
- an im portan t quantity in electrical stress studies. This section describes an algorithm for 
obtaining the statistical characteristic of the voltage peak value [20].
The expression for the instantaneous voltage is given by
N
v (t) ~  Vn cos(unt -f- <f>n) (2.10)
n = 1
where Vn is the  peak value of the n -th  harm onic com ponent and <pn is the corresponding 
phase angle w ith respect to  the fundam ental, (for the fundam ental com ponent, <f>i =  0). 
T he peak value a t any period T  is defined by
Vpeak =  m ax v(t).  (2.11)
t:0—f T  /2
The instantaneous voltage v{t)  in (2.9) can be rew ritten in term s of real and imaginary 
p arts of each harmonic component.
N  N
v(t) =  X ncos{nu>t) +  ^ 2  Ynsin(nut) ,  (2.12)
n = l  n = l
where Y\  =  0 and X \  =  Vf. Recorded m easurem ents indicate th a t the fundam ental
voltage often resembles a norm al distribution, while scatter plots of various harmonic orders
9tend resemble an elliptical distribution. A m ethod to  fit an ellipse within a  sca tte r plot is 
outlined below.
2.2.1 Elliptical F itting  for Harmonic Scatter P lots
Let the real and im aginary parts X n and Yn of a harmonic of order n be distributed with 
mean and standard  deviation (px , ax ) and (py , ay) respectively with a correlation coefficient 
pxy. Then the equation which fits an elliptical boundary around the set of d a ta  points is 
[11 ]:
1 -  p2
An p x ^ 2 p ( X n  P x \  f  E i p y \  ^  I Yn p y = 1. (2.13)
The ellipse fitted will be tilted  a t a  certain angle. T he degree of tilt of the m ajor and minor 
axes of the ellipse is proportional to  the value of the correlation coefficient pxy.
2.2.2 N um erical A lgorithm
A Monte Carlo sim ulation is proposed to  obtain  the distribution of the peak voltage value. 
Random values of the fundam ental voltage (scalar) and harmonic voltages (phasors) are 
generated by using the mixed congruential m ethod described below [12].
Random  num bers for a  norm al distribution (fundam ental voltage) are generated by the 
following equations.
Xi =  p  +  o \ J —2 In ui cos(27TU2), (2.14)
# 2  =  p  +  o \ J —2 In ui sin(27TU2),
where p  and cr are the m ean and standard  deviation of the fundam ental com ponent respec­
tively, u\ and v.2 are a  pair of uniform random  num bers generated by the mixed congruential 
m ethod, and x i , X2  are the  random  num bers obtained. T here might be a  correlation be­
tween x\  and X2  bu t, it is not of consequence since only one of the pair of random  num bers 
generated is used for this application.
10
Uniformly distributed random  phasors (harm onic voltages) are generated using the fol­
lowing congruent relationship.
x t- =  ax,_i +  b(m od ra), (2.15)
y* =  ay^-i -f b(m od m ), (2.16)
where a is the multiplier, b is the increm ent, m  is the  modulus (a, 6, m  are non-negative 
integers).
The random  num bers thus generated have a  rectangular, uniform distribution in the 
interval [0-1]. By suitably changing the variables a, b and m , the distribution of the random  
num bers can be m ade to  lie between any two values instead of 0 and 1. In this case 
the variables are adjusted  such th a t  th e  w idth and length of the rectangle of uniformly 
d istributed random  num bers is m ade to  enclose the elliptical boundary of the harmonic 
d a ta  points. An example of such a procedure is shown in the Fig 2.1 below.
200.0
o.o
- 200.0
- 400.0
- 600.0
- 800.0
- 1000.0
- 1200.0
- 400.0 - 200.0 0.0 200.0- 800.0 - 600.0
Real Com ponent
Figure 2.1: G enerating a R andom  Vector Uniformly D istributed Over a  Complex Area 
After obtaining the rectangular distribution of random  num bers, the next step is to
11
accept only those num bers falling within the ellipse. This is done by checking w hether each 
point corresponding to  a  pair of random  num bers inside the rectangle is also inside the 
ellipse. The following inequality is used for th a t purpose.
This elim ination process is repeated for each pair of random  num bers generated.
Now the stage is set for the calculation of the peak value of the voltage waveform. Since 
the values of the harm onic com ponents are small, th e  peak value of the  to ta l waveform 
should occur in th e  neighborhood of 7t/ 2 radians. A simple numerical m ethod th a t con­
verges to  the peak value is as follows:
IF v ( u t  =  |  +  e) >  v(wt),  th en  u t  = u>t + e 
ELSE
IF v(ujt =  |  — e) >  v(ut ) ,  then  u>t = u)t -  e
R epeat till m aximum value is reached.
The above procedure is repeated for each set of random  num bers generated. A sum m ary of 
the complete num erical algorithm  is shown in Figure 2.2.
12
/  INPUT Mean and 
'Standard Deviation for V
No
Yes
/E n d  o f \
generated
random
.numbers^
Start
Stop
Plot the Peak Value 
Distribution
Compute Peak Voltage
using numerical algorithm 
for Vi and each Vn
Fit ellipses for harmonic 
component scatter plots.
Generate random numbers for 
harmonic phasors inside the 
ellipse and for V  ^modeled as 
a normal distribution.
Figure 2.2: Flowchart for C om puting D istribution of Peak Voltage
Chapter 3
APPLICATION OF WAVELET 
TRANSFORM TO HARMONIC 
VARIATIONS
This chapter presents an  alternative m ethod for analyzing harm onic voltage and current 
waveform variations. This m ethod applies wavelet transform  to decompose the harmonic 
com ponents into various levels. T he Fourier transform  dec omposes the signal into an 
infinite frequency spectrum  w ith no tim e localization. One of the advantages of Wavelet 
transform  is th a t it provides tim e localization.
Wavelet theory is the m athem atics associated w ith building a  model for a signal, system, 
or process with a set of special signals. These special signals are little waves called “wavelets”
[14], which can be viewed as a  new basis for representing functions, as a technique for time- 
frequency analysis.
Wavelets were in troduced recently by J. M orlet, a French geo-physicist, as a tool for 
signal analysis in view of applications for the analysis of seismic data . In 1988, Daubechies
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[15] constructed orthonorm al wavelets w ith com pact support which was inspired hy the 
work of M allat [16] in applying the wavelets to  signal analysis and reconstruction. Wavelets 
have since been applied in various diverse fields ranging from astronom ical image analysis 
and to  analysis of m am m alian visual systems.
Wavelet theory represents signals by breaking them  down into m any interrelated pieces. 
These pieces are scaled and translated  versions of a  principal wavelet known as the “m other 
wavelet” . The breakdown of a  signal is a process is known as wavelet decomposition or 
wavelet transform . T he reverse process involves combining the wavelets back together to 
reconstruct the original signal and this is known as the inverse wavelet transform . M ath­
ematically, the continous wavelet transform  of a function f ( x ) ,  with respect to  a m other 
wavelet i/>( 2?) is [14]
W ^ f ( a , b )  = |a |" ?  J f (x) ip*  ) d x  ^ C3-1)
where a is the  scaling factor and b is the transla tion  factor.
T he wavelet transform  can be related  to  the  m ore commonly used Fourier transform . 
T he Fourier models represent functions as weighted sum of exponentials at different frequen­
cies. The Fourier coefficients represent the weights a t each different frequency. Similarly, 
wavelet models represent functions as a  weighted sum of scaled and translated  m other 
wavelets. T he wavelet transform  has a  m other wavelet replace the exponential and scaling 
and translation  replace frequency shifting. In a special case where the  m other wavelet is 
ip(x) — eJX, a =  j ,  and 6 =  0, the wavelet transform  becomes the well known Fourier 
transform :
W gf ( a , b )  = W e,x f  ( i , o )  =  J f ( x ) e ~ ^ d x  = F ( u )  (3.2)
The above illustrates the relationship between wavelet and Fourier transform s. It should 
be noted th a t for a  given function / ,  there are m any wavelet transform s associated. This is 
due to  the fact th a t  a  different wavelet transform  is obtained for the sam e function /  with 
different m other wavelets. In the Fourier transform , however, only the exponential function 
is allowed as the analyzing function, leading to  th e  unique Fourier transform . In this 
chapter, the basic principles of wavelet transform s are outlined, and continous and discrete
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wavelet transform s are defined. Then the properties of wavelet transform s are given. The 
discrete wavelet transform  (D W T) is described in detail and the decomposition procedure 
of a d a ta  sequence using M allat’s algorithm  [16] is explained. Lastly, the application of 
wavelet transform s to  the analysis of power system harm onic variations is discussed.
3.1 Basic P rin cip les o f  W avelet Transform
W avelets constitute a  family of functions derived from  one single function, indexed by two 
labels: one for position and one for frequency. The continous wavelet transform  is given in 
Eqn (3.1) where the integral gives th e  location (in term s of b & a t), the ra te  (in term s of a), 
and the am ount of change of f, w ith the zoom-in and zoom-out capability. There are two 
conditions for a  function to  be a m other wavelet: (a) the function should be oscillatory and, 
(b) it should have a fast decay to  zero. Furtherm ore, there should be no ”d.c.” com ponent 
in the  wavelet function, i.e,
/OO ifi(x) dx  =  0. (3.3)
■OO
3.1.1 Construction of W avelets
T he first step in the construction of a wavelet is to  form the scaling function <fi. For practical 
purposes, a  two-scale relation of the  scaling function is described by finite sums. An iterative
procedure is used to  construct the scaling function. Let <f> be described by the two scale
relation
cU ( 2x -  fc)> co>CA ^ °  (3-4)
A=0
where cf  is the wavelet coefficient, and N $ is the num ber of wavelet coefficients.
Using the above equation it is possible to  construct the scaling function using an iterative 
procedure. For this purpose, the following equation is considered
^n(®) =  )  ] c^<^n_i(2a: — k),  n — 1 ,2 , (3.5)
k
for some suitable initial function <j>0. A scaling function <f> can be obtained by taking the
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limit of <f>n in the  recursive scheme. C. K. Chui [17] suggests using spline functions as the 
initial function for producing the  scaling function.
Once the scaling function is produced, the next step is to construct the wavelet itself. 
If the two-scale relation of the scaling function in equation (3.5) is used, then the two-scale 
relation of an orthonorm al wavelet is given by
l
V>(z) =  £  - l nCu-id>(2a: +  n)  (3.6)
n = —N + l
To generate good wavelets, the wavelet coefficients have to  be chosen carefully. A set of 
wavelet coefficients have to  satisfy the following conditions for suitable representation of a 
signal.
3.1.2 W avelet Conditions
A wavelet given by
N - 1
W ( x )  = £  ( - 1 )  W ( 2 *  +  k  -  N  +  1) (3.7)
k=0
m ust satisfy the following conditions:
J V - l
£  =  2, (3.8)
k=0
N - 1
Y  ( - l ) kk mck = 0. (3.9)
k=0
Also, in order to  achieve accuracy and generate and orthogonal wavelet system ,
N - 1
£  CkCk+2m = 0  m  £  0, (3.10)
fc=o
N - 1
£  4  =  2
k=0
(3.11)
17
for to =  1, 2 ,...., ( N / 2 )  — 1.
3.2 T h e D iscrete  W avelet Transform  (D W T )
The goal of the wavelet transform  is to  decompose any arb itrary  signal f ( x ) into a  sum m a­
tion of wavelets a t different scales. This is achieved by using the Discrete Wavelet Transform  
as in Equation (3.7), w ith N as the num ber of samples, c* the wavelet coefficient, and <p(x) 
the scaling function. T he D W T yields a  countable set of coefficients in the transform  do­
main. Unlike the Continous Wavelet Transform , the Discrete Wavelet Transform  is defined 
only for positive scale values.
One of the simplest wavelets is the “H aar W avelet” , having coefficients c0 — 1 and 
ci =  1. T he expression for the H aar Wavelet is given by
1 if -y- <  x  < 0
ip(x) =  < -1 if 0 <  x  <  |
0 elsewhere
T he shape of the H aar Wavelet is shown Fig (3.1).
Figure 3.1: H aar Wavelet
Similarly, wavelets w ith four coefficients are called D4 wavelets nam ed after Ingrid 
Daubechies who first discussed their properties. O ther examples of wavelets include: Mexi­
can hat wavelet, M orlet wavelet, Lem arie-Battle wavelets and th e  Littlewood-Paley wavelet 
[17]. The Haar Wavelet is selected for the subject under study for the following reasons:
1) T he H aar Wavelet is very simple in construction.
2) No lengthy expressions which are difficult to  im plem ent on a com puter are present.
3) Some wavelets, due to  their structu re  may in troduce noise of their own. This will seri­
ously affect the decomposition and reconstruction of th e  signal by making it appear with 
more noise th an  its content in the original signal. The H aar wavelet, being simple in con­
struction does not in troduce any spurious noise.
In Haar Wavelet, the scaling function is a  constan t, i.e.,
<j>(x) =  1 0 <  x <  1. (3.12)
Hence, for H aar Wavelet the  DW T is given by,
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where k  = 0 , 1 , 2 , N ,  is a new set of coefficients. Because of the definition of
wavelets, when j  is negative, W ( 2 Jx -  k ) can always be expressed as a  sum of term s like 
d>(x — k). Therefore, the general result can be w ritten in an alternative form as:
N  n N
/ O )  =  J 2  c^<k(f>{x -  k)  +  Y ;  cj ,kW(2Jx -  k). (3.14)
k=0 j —0 k=0
The above wavelet series provides a practical base for signal analysis.
3.3 D iscrete  W avelet Transform  A lgorithm
In this section, the M allat’s A lgorithm  for decomposition of harmonic variations is explained. 
This algorithm  is known to  be very efficient (comparable to  F F T ) in term s of com putation 
requirem ents.
Using the general form at of the D W T in the previous equation, the  wavelet series ex­
pansion can be w ritten  as [18]
f ( x )  = a04>{x) + a \ W { x )  +  a2W ( 2 x )  + a3W ( 2 x  -  1) +  ... +  a2j+kW (2 jX  - k) +.....  (3.15)
W here the coefficients a\,  a2, a3,a,4 , . . .  give the am plitudes of each of the contributing wavelets 
to  one cycle of the periodic function. The first term  in the series contains the scaling func­
tion which in the case of a H aar wavelet is a constant. The second term  in the series, 
a i W ( x )  is a  wavelet of scale zero; the  th ird  and fourth term s a2W ( 2 x )  and a3W (2 x  -  1) 
are wavelets of scale one, the  th ird  being transla ted  Aa; =  |  w ith respect to  the fourth; the 
next four term s are wavelets of scale 2, and so on for wavelets of increasingly higher scale. 
The higher the scale, the finer the detail and the more coefficients there are, so th a t a t scale 
j there are 2J wavelets each spaced A x  = 2-J  apart along the x-axis.
The Discrete Wavelet Transform  algorithm  is a procedure for com puting the above 
equations for the wavelet coefficients when the  values of f ( x )  is available a t equally spaced 
intervals over 0 < x < 1. W hen M allat’s A lgorithm  is used, generating the scaling function 
(j>{x) and then  the wavelets W ( 2 ]x  -  k) is not required since the wavelet coefficients and
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hence the wavelets can be determ ined directly from the d a ta  sequence.
M allat’s algorithm  takes an array of num bers of length 2n where n  is an arb itrary  
integer and com putes the function f ( r ) ,  r — 1, .. . ,2 ”. T he procedure for implementing the 
algorithm  is given next.
Assuming th a t the num ber of wavelet coefficients is 8 , the  decomposition of a  signal /  
represented by its sam pled values is given by the formula:
/  =  a0 +  M s M 2 G 2 [ai] +  M3G2[ct2 +  «3]T +  G 3 [a,} +  as +  a3 +  (3.16)
where
a o — ^ L i |L 2 ^L 3  / ,  
a i  =  5 H 1 5 L 2  5 / 3 / )
[a2 a3]T =  i H 2 | L 3 / ,
[a4  a5 a6 a7]T = ± H 3 / ,
The matrices L and H  above are defined below for a wavelet w ith 2 oefficients (c0 ,c i) .
L i  =  [c0 Ci],
L , =
L 2 =
C0 C\
C0 C \
C0 C \
Co C \
Co C\
Co C\
Similarly,
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H i  =  [~c0 ci],
H2 =
Co C \
Co C\
C0 C \
h 3 =
C0 C \
Co C\
Co C\
By form ulating these m atrices, the  wavelet coefficients a0....an can be calculated. The 
m atrices M  and G  which serve to  reconstruct the  original function are given by
M = LT, (3.17)
and
G = HT. (3.18)
The order of the m atrices above are
Gr = G(2T x  2r_1)
Hr =  H ( 2 r~1 x 2r )
Lt =  Z (2r_1 x  2r )
Mr =  M ( 2 r x 2r_1)
where r =  1 ,2 ,21,2 2, ..., 2". This algorithm  can be used to  decompose and reconstruct any 
signal represented by its sampled d a ta  sequence.
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3.4 A p p lica tion  o f  W avelets to  H arm onic V ariations
An application of wavelets in the  field of power system harmonics is analysed in this report. 
To the best of knowledge, only one paper by Ribeiro [19] discusses in broad term s, possible 
applications of wavelet analysis in different areas of power systems.
W avelets for analyzing harm onic distortions are chosen for the  following reasons: l)Pow er 
system  Harm onics are continously varying. 2) T he p a tte rn  of variation of harmonics re­
peats itself each weekday. 3) The harm onic signals contain random  com ponents 4) E rratic 
changes of harm onic signals can be observed in more detail.
T he aim of applying wavelet transform s to  power system  harmonics is to  split the h a r­
monic com ponent d a ta  into several p a rts . Each p a rt represents a specific behavior of the  
particu lar harm onic under analysis. T he splitting of a harm onic component is accomplished 
using M alla t’s algorithm  explained in the previous section. T he procedure is as follows: As­
sume th a t th e  set of d a ta  points representing th e  tim e variation of harm onic (e.g., the 
fifth harm onic) for a  specified period of tim e, is a  num ber equal to  an integral power of 2. 
Once th e  different wavelet levels are obtained, they are analyzed and singular variations in 
harmonics are observed according to  the  requirem ents. Experim ental results obtained by 
applying the  wavelet transform  to  power system  harmonics are described in detail in the 
next chapter.
C hapter 4
APPLICATION & 
EXPERIMENTAL RESULTS
This chapter presents the  results of an analysis of harm onic d a ta  gathered by measuring 
the line-to-neutral voltage waveform supplied to  a  large building for a  period of one week. 
T he quantities m easured were the  fundam ental, th ird , fifth and seventh harmonic voltage 
m agnitudes and their phase angles. In additon , the builiding load current in one phase 
was observed and recorded for a period of 24 hours. T he m easurem ents took place at 
the Thom as T .Beam  Engineering building a t University of Nevada, LasVegas. The tim e 
duration between successive m easurem ents was selected to  be one m inute. T he description of 
the apparatus used for these m easurem ents are presented. This iS followed by the measured 
d a ta  and analysis.
4.1 E xp erim en ta l Setup
T he harm onic voltage and current m easurem ents were taken with the D ranetz Precision 
Power and Harmonic Analyzer. This instrum ent was interfaced with a  SUN Sparcstation 
(using the RS232C interface cable) for the harm onic voltage m easurem ents and with a 486 
Personal C om puter for harm onic current m easurem ents. A brief description of each device
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used follows.
4.1.1 H arm onic Analyzer
The D ranetz harm onic analyzer is a unique m icroproceesor-based dual channel precision 
instrum ent designed to  perform  complex voltage, current, phase, power m easurem ents on 
periodic waveforms in the range of 1 Hz through 500kHz. The instrum ent rapidly determines 
the characteristics of each periodic input as well as the characteristics of one input with 
respect to  the other. Employing Fast Fourier Transform  analysis techniques, the analyzer 
measures the fundam ental, and each harm onic up to  the 50th, with accuracies of up to 
±0.04% (m agnitude) and 0.03° (phase).
Pre-program m ed with a  wide range of harmonic, phase and power param eters, charac­
teristics such as Vr m s , phase angle, complex ra tio , real power, power factor, volt amps, 
voltamps reactive, harm onic phase and to ta l harm onic distortion may be im m ediately re­
called from the analyzer.
The dual channel inputs to  the analyzer are gain controlled by respective voltage am ­
plifiers. T he frequencies of two inputs m ust be identical. Twelve voltage ranges, extending 
from 1 millivolt full scale up to  300 volts fullscale are provided for each channel. The iso­
lated voltage and current inputs enable operation to  500V (full scale) and 5A (full scale). 
The operator m ay select either a  fixed range or an auto-range mode th a t autom atically 
selects the  correct range of each channel.
The ou tpu ts of the  two amplifiers are sam pled in associated sample-and- hold amplifiers. 
Both channels are sampled simultaneously. Each sam pled analog signal is then  digitized by 
an A /D  converter and stored in memory for use in the calculation p art of the operating 
cycle. Since the sampling ra te  is synchronous with the  input frequency, a phase-locked loop 
is used to  track the input frequency. T he loop autom atically tracks the inpu t frequency 
over the range of 1 Hz to  500 kHz.
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Some specifications relevant to  the m easured d a ta  include the following:
Input Im pedance : 1 Megohm in parallel with approxim ately 100 pf.
The input capacity of both channels is m atched 
within ±2pf.
Full Scale RMS Voltage Ranges : 1, 3, 10, 100, 300 volts and
1, 3, 10, 30, 100, 300 millivolts.
Frequency Range : 1 Hz to  500 kHz (400kHz for 256 S /M )
Samples per M easurement (S /M ) : 16, 64 or 256.
M easurem ents per Reading (M /R ) : 1, 4, 16, 64.
Harmonics M easured : Upto the 7th for S/M  =  16.
Up to  th e  31st for S /M  =  64.
Up to  th e  50th for S/M  =  256.
RMS Volts or Amperes (C H I and CH2) : Total, fundam ental and individual harmonics.
Harmonics can displayed in % of fundam ental. 
Phase between channels : 9 - Phase (CH2) - Phase (C H I)
Fundam ental and Harmonics.
Power : Total, fundam ental and individual harmonics.
M aximum O utpu t Reading Rate:
P rin ter : 1.5 per second
Display an d /o r RS232 O utput : 4 per second
IEEE-488 O ption : 5 per second
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P rin ter rate 2 lines/sec
Typical Calculation Times: 
16 S/M  
64 S/M  
256 S/M
0.15 sec 
0.5 sec 
3.5 sec
M aximum C urrent 
M aximum Voltage
5A continous (10A peak)
500V RMS continous (700V peak)
4.1.2 RS232 Interface
T he RS232C Interface P o rt, s tan d ard  w ith all analyzers, allows one to  direct analyzer d a ta  
to  an RS232C com patible peripheral. The unit is completely baud-rate selectable. Turning 
off the printer and using the analyzer with a high baud ra te  peripheral allows one to  achieve 
significantly higher rates of operation.
In the experim ent conducted, the  Analyzer is interfaced using the RS232C to  a Sparc- 
station  for the harm onic voltage m easurem ent and to  a Personal C om puter for the harmonic 
current m easurem ents. T he Interface cable pinouts are shown below.
For Modem Connection:
P in 1 - Protective G round (Chassis)
P in  2 - D ata  to  Rem ote
P in  3 - D a ta  from Rem ote
Pin 4 - Request to  send, o u tp u t always true
P in  5 - Clear to  send, Input for control
P in 6 - D ata  Set Ready, Inpu t not used
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Pin 7 - Signal Ground 
Pin 20 - Not used
4.1.3 SparcStation /P C
T he Sparcstation  used for harm onic voltage m easurem ents is a  SUN Sparcstation 1, with a 
SUN 4/60 central processing unit with a local memory capacity of 14MB. The workstation 
trea ts  the analyzer as a device connected to  it a t a  specified inpu t p o rt, reads d a ta  and 
stores it in a  file. Then a  program  was w ritten  to  separate the  necessary harmonic and 
fundam ental voltage com ponents from  the  file. The quantities m easured were the to ta l 
harm onic distortion, fundam ental voltage, th ird , fifth and seventh harm onic components 
together w ith their phase angles w ith respect to  the fundam ental.
The PC  used for harm onic current m easurem ents was a ’’M ICHADA” w ith a  Intel 80486 
Main processor. It has a Base m em ory of 640 KB and 256 KB cache memory. T he extended 
memory size is 3328 KB and the  C PU  clock frequency is 33 MHz. T he PC is equipped with 
two serial and  one parallel ports.
The RS232C cable is connected to  one of th e  serial ports and m eausrem ents are triggered 
on the analyzer. The ’’K E R M IT ” facility installed on the  PC  is used to  read and store the 
d a ta  in a  file. Again a program  is w ritten  to  separate the harm onic com ponents needed. 
T he to ta l harm onic d istortion , fundam ental current and voltage com ponents and the odd 
order harm onic currents up to  the  th irteen th  was measured.
4.2 R ecorded  D ata
Figures 4.1 through 4.8 show the recorded variation of fundam ental 3rd, 5th, and 1th har­
monic voltage and voltage to ta l harmonic distortion over the  one week period. It is observed 
th a t  the fundam ental voltage has a distinct determ inistic com ponent w ith a daily cycle. The 
th ird , fifth and seventh harm onic voltages are repetitive and also varies over the week as 
seen in the plots. T he determ inistic com ponent of the harm onic com ponents is not as clear 
except for th e  7th harm onic voltage m agnitude. Also, the fundam ental voltage variation is
Fund
amen
tal V
oltage
 (V
)
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variation is within a very narrow range (3 volts), whereas the harmonic voltage m agnitudes 
vary over a much wider range with a large num ber of random  spikes.
The following table shows the statistica l d a ta  of the measured harm onic voltages .
Min. Max. Mean a
Vi (V) 114.29 120.97 117.697 1.2608
V3 (V) 0.863 2.146 1.447 0.1484
V34, (deg) -169.36 -119.88 -148.41 4.9546
M V ) 0.670 1.940 1.228 0.2059
Vht (deg) -114.74 -64.849 -92.783 7.2404
V7 (V) 1.134 2.600 1.877 0.219
V n  (deg) -154.61 -91.548 -121.453 9.359
T H D {%) 1.778 3.265 2.283 0.172
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Figure 4.2: Variation of T hird Harmonic Voltage with Tim e
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Figure 4.5: V ariation of F ifth Harmonic Phase with Time
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Figure 4.6: V ariation of Seventh Harmonic Voltage w ith Tim e
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Figure 4.7: Variation of Seventh Harmonic Phase with Tim e
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Figure 4.8: Variation of Voltage Total Harmonic D istortion with Time
Figures 4.9 - 4.17 show the fundam ental, 3rd -  13t/l harmonic current m agnitudes and 
current to ta l harm onic distortion. The fundam ental and harmonic currents are very low 
(50 % of norm al) excep t the fifth harmonic in the morning and rise to  their maximum 
levels in the afte rnoon. Also, as the  harm onic order increases so does the randomness 
in the variation p a tte rn . Only the 3rd harm onic current follows the fundam ental current 
variations closely. The fundam ental voltage m easured at the building’s power supply for 
calcu lation of power supplied, is also shown. Using a  powerfactor of 0.9, the load de mand 
is com puted and plo tted . It is observed th a t the voltage decreases as the load demand 
increases, due to  the voltage drops along the power lines and cables.
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Figure 4.9: Time Variation of Fundam ental C urrent
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Figure 4.12: Tim e Variation of Seventh Harmonic C urrent
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Figure 4.18: Tim e Variation of Power Demand
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4.3 Frequency o f  O ccurrence (H istogram s)
T he conventional way to  represent the variations in fundam ental and harmonic components 
in compressed form is a plot of histogram s, derived from the recorded d a ta  by plotting 
the recorded values of the quantity  to  be analyzed versus the frequency of occurrence of 
each value. These histogram s show the distribution of frequency of occurrence which when 
norm alized, represent the probability density function of the quantity  under consideration. 
T he histogram s have a disadvantage since tim e inform ation is to tally  lost. The am plitude 
of a  signal a t a certain m om ent is no t known.
Histogram s corresponding to  Figures 4.1, 4.2, 4.4 and 4.6 are shown in Figures 4.19 
through  4.22 respectively. It is noted th a t the  histogram  for the fundam ental voltage is 
irregularly shaped, whereas th e  histogram s for the harm onic com ponents can be modeled 
as a  norm al distribution. T he standard  norm al distribution is p lo tted  over the histogram s 
for com parison. I t is also observed from  Figure 4.23 th a t  th e  modeling of the harm onics as a 
norm al distribution is valid only if one week’s recorded d a ta  is used. The model will not be 
applicable when considering one day ’s recorded data . This is evident from the comparison 
of one day’s and one week’s plot of the fifth harm onic voltage m agnitude in Fig 4.23.
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Figure 4.19: Fundam ental Voltage D istribution
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Figure 4.21: F ifth  Harmonic Voltage D istribution
1 .O
o .e
0.0
0.2
o.o 1 .61 .o 3.0
Figure 4.22: Seventh Harmonic Voltage D istribution
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Figure 4.23: F ifth  Harm onic Voltage D istribution for One week(solid) and One day(dotted)
4.4  D ecom p osition  o f  Individual H arm onic C om ponents
To overcome the problem  w ith the  histogram s described in the previous section, the deter­
ministic part of the fundam ental voltage was ex tracted  using a  saw tooth approxim ation. 
Figure 4.23 shows the saw tooth waveform fitted  to  the fundam ental voltage m agnitude plot 
from one week’s recorded data .
The procedure for fitting th e  saw tooth waveform is as follows: F irst, a  straight line was 
fitted to  one day’s recorded d a ta  by observing the m aximum and minimum values for each 
section of the plot. For example, if (mj, j/i) and (^ 2 , 2/2 ) are the minimum and m axim um  
values of a  section of the  p lot, then the corresponding equation of the straigh t line is:
Y  = 2/1 +  m ( x  -  xi ) , (4.1)
where
m  = ( 2 /2 ~  2/i) (4.2)
X 2 -  E l)  '
Next, this straight line is repeated seven times for fitting one week’s recorded d a ta . The 
resultant saw tooth waveform provides a good approxim ation for the determ inistic p art of 
the fundam ental voltage. T he deviation of the actual fundam ental voltage values from 
the corresponding saw tooth waveform values is shown in Figure 4.24 resembling a  norm al
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distribution. Thus the fundam ental voltage m agnitude recordings can be separated into 
two parts as shown.
The advantage of this decomposition m ethod is th a t  both  the determ inistic and the 
random  com ponents can be expressed by simple expressions as opposed to  the expressions 
obtained by theoretical means.
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Figure 4.24: F itting  of Saw tooth W aveform to  Fundam ental Voltage
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Figure 4.25: Random  Com ponent of Fundam ental Voltage
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4.5 D istr ib u tion  o f  Instan taneous Peak V oltage
The peak voltage value d istribution is determ ined using the sim ulation m ethod explained in 
the C hapter 2. The fundam ental voltage is assumed to be normally d istributed. The graph 
of the fundam ental voltage plo tted  from norm ally distributed random  num bers is shown 
in Figure 4.26. The scatter plots of the real and im aginary parts of the th ird , fifth and 
seventh harm onic are shown in Figures 4.27, 4.28 and 4.29 along w ith the ellipse fitted on 
the sca tte r points. It is observed th a t some of the actual values lie outside the fitted ellipse. 
This m ay cause some differences to  appear between the actual and sim ulated peak value 
distributions since it is assum ed th a t the  sca tte r plots are uniformly d istribu ted  inside the 
ellipse for sim ulation purposes.
The actual and sim ulated peak value distributions are shown in Figure 4.30. It is 
observed th a t the  sim ulated peak value distribution is a good approxim ation of the actual 
peak value variation. Some noticeable difference observed between the  shapes of simulated 
and actual peak value distribution m ay be due to  slight errors in fitting the ellipses in the 
scatter plots.
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Figure 4.26: D istribution of Random  Values of Fundam ental Voltage
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Figure 4.27: S catter P lot of the Third  Harm onic Voltage with F itted  Ellipse
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Figure 4.28: S catter P lot of the F ifth Harm onic Voltage with F itted  Ellipse
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Figure 4.29: Scatter P lo t of the Seventh Harm onic Voltage with F itted  Ellipse
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Figure 4.30: A ctual and Simulated Peak Voltage Value D istribution
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4.6 W avelet Transform  M ethod
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T he fundam ental com ponent of the current measured in Figure 4.9 is used to illustrate 
the application of Wavelet transform . A Haar Wavelet and M allat’s algorithm  are applied 
and the different wavelet levels are shown in the succeeding figures. The different stages 
in reconstruction of the original waveform is shown in Figure 4.32 by plotting the original 
and reconstructed waveforms at each level of addition. From the plots of the ten wavelet 
levels, it is observed th a t  the  frequency of variation of the current increases as wavelet 
level increases. The wavelet transform  acts as a filter separating the more frequent random  
variations from the  less frequent ones.
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Figure 4.31: W avelet Levels for Fundam ental C urrent
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Figure 4.33: A ctual and Reconstructed C urrent Waveforms
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4.7  A pp lications
One of the potential applications of the decomposition techniques presented in C hapters 
2 and 3 can be found in the design of passive and active harmonic filters for reducing or 
elim inating harmonic signals in the power distribution system . A nother application may 
be in the im plem entation of standards for limiting voltage and current harmonic levels in 
power systems [2]. It is known h a t assigning limits on the m agnitudes of harmonics is not an 
easy task . The distribution of harmonics over the system  for a  tim e period and the extent 
to  which any power system  will sustain a certain level of harmonics while remaining reliable, 
should be known. The m ethod of obtaining the first piece of inform ation required namely, 
the distribution  of harmonics using probabilistic and statistica l analysis on measured d a ta  
can be quite useful in this regard.
The optim al value of capacitance for power factor correction capacitors depend upon the 
am plitude of the harm onic voltages. T he capacitance is calculated under the assum ption 
th a t the harm onic voltages are a  constant. However as often seen in the measured d a ta , 
harm onic voltages are continually varying thus reducing the perform ance of power factor 
correction capacitors. A sta tic  var com pensator will be the ideal solution for optimal power 
factor correction where the  value of capacitance a t any point in tim e will depend on the 
m agnitude of harmonic voltage a t th a t instan t. The analysis of the previous chapters will 
serve as useful techniques to  design control strategies for static  var com pensators.
The proposed procedure for harm onic variation analysis will also be useful in estim ating 
line losses. Instead of a  fixed value of harmonic current, the harmonic current distribution 
can be used to  obtain a  m ore accurate estim ate of the line losses. Furtherm ore, the m ethod 
of obtaining the peak value d istribution of voltage described in Section 2.2 can be utilized 
in d istribution system s where the  statistica l param eters (m ean, s tandard  deviation and 
correlation coefficient) are known, w ithout the detailed knowledge of the actual distribution 
of harm onics in the network.
T he m ethod of decomposition of a harmonic com ponent into different wavelet levels, 
each representing a different p a tte rn  present in the original signal, is useful when a complete 
analysis of a particular harm onic w ith regard to  its p a tte rn  of variations is desired. Higher 
wavelet levels depict the variations th a t occur in a small duration (spikes); whereas, lower
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wavelet levels represent the determ inistic p a rt of the  harmonic within each period. This 
decomposition is useful when analysing the spikes th a t occur in harmonics. These spikes 
can be dam aging to  sensitive equipm ent and can be observed and analysed using wavelets.
C hapter 5
CONCLUSION
Field m easurem ents show th a t fundam ental and harm onic com ponents of voltages and cur­
rents found in power distribution systems are tim e-variant. These signal variations, which 
are due to  on /o ff switching of various electrical loads and network reconfiguration, are 
neither determ inistic nor random
The work presented in this thesis proposes two m ethods for analyzing tim e variation 
of harmonic signals in eclectic power distribution systems: The first m ethod separates 
the signal into a determ inistic component and a random  component. The determ inistic 
com ponent, extracted  from  the recorded signal by regression analysis, is expressed by a 
polynomial function of tim e. The remaining random  com ponent can be accurately described 
by a  norm al distribution function with a m ean value of zero. A statistical description of 
the instantaneous voltage peak value is also presented.
The second m ethod considered for describing signal variation uses wavelet theory to  
decompose the signal in to  wavelets. An overview of this relatively new theory including 
wavelet construction from scaling functions, selection of ’m other wavelets’, and M alla t’s 
algorithm  (a fast Discrete Wavelet Transform ), is presented.
The two signal decomposition m ethods are then applied to  a one-week recording of 
supply voltage and load current variations of the Thom as. T . Beam Engineering Complex 
a t UNLV. The m easured d a ta  contains the changes in the  fundam ental (60 Hz), 3rd, 5th 
and 7th harmonic com ponents of the voltage and current signals.
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The signal decomposition techniques presented will likely have potential applications in 
harmonic filter design, power factor correction and reactive power control, power quality 
assessment and standards.
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